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Abstract:   
The past decade has been especially creative for spintronics since the (re)discovery of various 
two dimensional (2D) materials. Due to the unusual physical characteristics, 2D materials have 
provided new platforms to probe the spin interaction with other degrees of freedom for electrons, 
as well as to be used for novel spintronics applications. This review briefly presents the most 
important recent and ongoing research for spintronics in 2D materials. 
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Introduction  
Two dimensional (2D) materials are generally categorized as 2D allotropes of various elements 
or compounds, in which the electron transport is confined to a plane. Intrigued from the 
(re)discovery of graphene, isolating single atomic layers of van der Waals materials has been one 
of the most emerging research fields [1-4]. Different from their bulk materials, 2D materials have 
been shown to exhibit many festinating physical properties. Just name a few for example, room 
temperature quantum Hall effect has been observed in single layer graphene due to its unusual 
liner dispersion at the Dirac point [5,6]. The high electron/hole mobility in graphene and the 
metallic surface states of topological insulators (TIs) are very promising for future electronics 
devices [7-10]. And the unique physical properties in the 2D transition metal dichalcogenides 
(TMDCs) could be used for future valleytronics devices [11-17].   
For spintronics, which aims to utilize the spin degree freedom of electrons for novel 
information storage and logic devices [18-21], these 2D materials are very attractive. The ultra-
low spin orbit coupling in graphene already made it one of the most promising candidates for spin 
channel [22-29]. The unusual spin-momentum locking properties of the surface states in TIs 
provide a method to control the spin polarization via the charge current direction [10,29-36]. The 
unique spin-valley coupling in 2D TMDCs provides a platform to use valley for manipulating the 
spins [11,16]. The indueced magnetism into graphene or the surface states of TIs is particularly 
interesting towards the quantum anomalous Hall effect (QAHE) [27,29,37-50]. The enhanced spin 
orbit coupling in hydrogen doped graphene, silicene, germanane, tin and 2D TMDCs are 
potentially candidates for quantum spin Hall effect [27,51-54]. And the spin orbit torque at the 
TIs/ferromagnet interface has been demonstrated to be significantly larger than conventional heavy 
metals [55,56].  
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In this article, we briefly review the most recent developments of spintronics in 2D materials 
and this paper is organized as follows. The first section presents the current status of spin transport 
in 2D materials. The second section reviews of the induced magnetic moments in graphene and 
TIs by doping and proximity effect. The third section describes the spin/valley Hall effect and spin 
orbit torque, and the final section discusses the outlook of the research field of spintronics in 2D 
materials. 
Spin transport in 2D materials 
In 1990, Datta and Das proposed the idea of spin field effect transistor (spin FET), which relies 
on manipulating of the spins during transport in a semiconductor with an electric field [57]. Since 
then, enormous effort has been spent in injecting, detecting and manipulating spin polarized 
electrons in metals and conventional semiconductors [58-63]. However, in spite of these effort, an 
ideal candidate material for the spin channel is still needed. 2D materials, including graphene, the 
surface states of TIs, and TMDCs could be promising candidates due to their unusual spin 
dependent physical properties.  
Graphene, a single or few layer of carbon atoms, exhibits very low spin-orbit coupling, ultra-
high mobility and the gate tunable conductivities [1,2,64]. To electrically inject and detect spin 
polarized electrons in graphene, the nonlocal measurement geometry is mostly used. As shown in 
Fig. 1a, the spins are injected at the ferromagnetic (FM) electrode E2, and detected at the electrode 
E3. One typical nonlocal magnetoresistance (MR) curve is shown in Fig. 1c. The resistance 
difference between the parallel and anti-parallel states of the magnetization directions of E2 and 
E3 is called the nonlocal MR (ΔRNL). During the diffusion, a magnetic field perpendicular to the 
graphene device could precess the spins, and as a result of which, the detected spin voltage has a 
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strong dependence on the applied magnetic field (Fig. 1b). This Hanle spin precession provides a 
way to determine of the spin lifetime and spin diffusion constant. As shown in Fig. 1d, the spin 
lifetime (τs) and spin diffusion constant (D) are determined to be 771 ps and 0.020 m2/s, by 
numerical fitting based on the following equation [65]: 
        (1) 
where the + (-) sign is for the parallel (antiparallel) magnetization state, L is the distance from 
injector (E2) to detector (E3), and /L Bg H     is the Larmor frequency, in which g is the g-
factor, μB is the Bohr magneton, and ℏ is the reduced Planck’s constant. Details on the spin 
transport and spin precession in graphene have been discussed in several previous review articles 
[27,28,66]. Very intriguingly, long spin diffusion length of 24 micro meters has been observed in 
boron nitride encapsulated bilayer graphene recently [67].  
For the metallic surface states of TIs, the spin lies in plane and is locked at the right angles of 
the momentum (Fig. 2a), which could be used to control the spin current via the charge current 
direction. Recently, Li et al used the tunneling FM contacts to probe the spin current while applying 
a charge current on the Bi2Se3 surface [33]. As shown in Fig. 2b, the carriers’ momentum direction 
( k

) locks the spin direction to be in the y

 direction, and this spin direction could be measured 
via the FM contacts (Fe). Fig. 2c and 2d show the magnetic field dependent voltage between the 
FM contacts and the Au contact for positive and negative 2 mA currents respectively. As the 
magnetization of the Fe electrode switches, the measured voltage shows a sharp increase or 
decrease depending on whether the Fe electrode magnetization direction and carrier spins’ 
direction are parallel or anti-parallel to each other. Besides this Bi2Se3, several other TIs, including 
(Bi0.53Sb0.47)2Te3, Bi1.5Sb0.5Te1.7Se1.3, Bi2Te2Se have also exhibited this spin momentum locking 
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property in their metallic surface states [34-36].  However, to ambitiously prove that this voltage 
is from the spin polarized surface states, further studies are needed. For example, the spin Hall 
effect in bulk states of TIs can also contribute to the spin current generation on the surface. Besides, 
the fringe-field-induced Hall voltages should be also examined in future studies [68].  
The spin directions of the 2D TMDCs are different for the two valleys,  K and K’ [16]. Despite 
a lot of efforts, electrically injection and detection of the spin polarized current in 2D TMDCs have 
not been demonstrated yet. One of the main challenges is that the Schottky barrier resistance is 
very large, limiting the efficient spin injection [69,70]. A promising route to inject spin polarized 
carriers is to use thin MgO tunnel barrier between the MoS2 and FM electrodes [71].  
Induced magnetism 
Induced magnetism in graphene and the surface states of TIs holds the potentials towards the 
realization of QAHE. Very intriguingly, the QAHE has been observed on magnetic TIs recently 
by several groups [44-46,72] at ultralow temperatures. Generally speaking, there are two routes to 
induce magnetism in a nonmagnetic material. The first one is doping another element, such as Mn, 
Cr et al, or creating defects. The most typical example is the diluted magnetic semiconductor, Mn 
doped GaAs [73,74]. The carriers exchange with local moment on Mn generates spin splitting in 
the band structure of GaAs, thus inducing magnetism. The other one is exchange coupling via 
proximity effect in adjacent with FM materials, with spin polarized d or f orbitals.  
For graphene, hydrogen doping and vacancy defects have been used to induce magnetism. 
Paramagnetic moments were first observed in graphene with vacancy defects by SQUID 
measurement and later in graphene with hydrogen doping or vacancy defects probed by pure spin 
current [75,76]. In the later one, McCreary et al used hydrogen atomic source to dope the graphene 
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(Fig. 3a) and performed in situ spin transport measurement. As shown in Fig. 3c, the dip at zero 
magnetic field for the nonlocal spin transport measurement indicates that the diffusive spins 
interact with the local hydrogen induced magnetic moments via exchanging coupling. Up to date, 
however, long range ferromagnetic order in doped graphene is still missing. On the other hand, 
proximity induced ferromagnetic graphene has been observed in the heterostructures of graphene 
and ferromagnetic insulator, yttrium iron garnet (YIG) [39]. In their study, the graphene device 
was transferred onto YIG thin films grown via pulsed laser deposition, and a top gate was used to 
tune the carrier density in graphene (Fig. 3b). As shown in Fig. 3d, anomalous Hall effect has been 
observed up to 250 K in graphene on YIG.  
Quantum spin Hall effect has been observed in HgTe quantum well and inverted InAs/GaSb 
quantum wells [77,78]. By breaking the time reversal symmetry in TIs with magnetization, the 
conducting carriers with topological properties could take over the role of an external magnetic 
field, providing a route towards the QAHE (Fig. 4a) [40,41,44]. The first demonstration of this 
QAHE was achieved by Chang et al in Cr doped magnetic TI, Cr0.15(Bi0.1Sb0.9)1.85Te3.  As shown 
in Fig. 4b and 4c, when the Fermi level is tuned into the TI bands, the anomalous Hall resistance 
shows a quantization of (h/e2) [44]. Another route towards the QAHE is by exchanging interaction 
with a magnetic insulator. Wei et al grew Bi2Se3 on EuS using molecular beam epitaxy, where EuS 
is a ferromagnetic insulator with the Curie temperature of ~ 16 K [47].  Anomalous Hall effect is 
observed due to the exchange interaction between the spin polarized 4f orbitals of the EuS and the 
carriers in the Bi2Se3 conducting band (Fig. 4d and 4e).  
Spin/Valley Hall effect and Spin orbit torque  
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Conventionally, the spin current is generated from the FM materials, in which the spin up and 
spin down polarized carriers are degenerated at the Fermi Level. A new mechanism to generate 
spin current is via spin Hall effect in a nonmagnetic material, which is first observed in a 
conducting GaAs channel [79,80].   
The spin orbit coupling in graphene could be enhanced by doping [81]. Recently, A Hall bar 
device on hydrogen doped graphene exhibited large colossal spin Hall effect [82]. As shown in 
Fig. 5a and 5b, the current flows from IS to ID, and the voltage is measured on the other two bars 
in a nonlocal geometry. This giant nonlocal resistance indicates the largely enhanced spin orbit 
coupling in graphene. However, there are also reports stating that this nonlocal voltage could be 
associated with some unknown mechanisms that are not related to spin [83].  
The valley Hall effect has been observed in MoS2 and symmetry broken graphene [17,84]. As 
shown in Fig. 5c, the valley degeneracy in MoS2 is broken, and the two valleys exhibit different 
spin dependent properties. This spin valley coupling could be probed in the optical method via 
circular polarized light. As shown in Fig. 5d, the Hall voltage depends on whether the K or K’ 
valley carriers are excited.  
One of the many useful applications of the spin Hall effect is to manipulate the magnetization 
of the adjacent FM layer via spin orbit torque. The spin-momentum locking in the surface metallic 
states of TIs provides a unique way to generate efficient spin current. The first breakthrough is 
observation of very large spin orbit torque at the Bi2Se3-Py interface, in which the Bi2Se3 shows 
metallic behavior. Using the spin torque ferromagnetic resonance measurement (Fig. 6a), two 
distinct torques, namely, spin orbit torque and Orested field torque are probed around the 
resonance condition of Py thin films [55]. As shown in Fig. 6b, the measured voltages have 
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symmetric and antisymmetric components, of which the symmetric component is a result of the 
spin orbit torque and the antisymmetric component is due to the Orested field torque. The spin 
generation efficiency could be estimated from the ratio between these two torques. The effective 
spin Hall angle of Bi2Se3 is estimated to be 2.0 - 3.5, which is significant larger than the values 
reported in heavy metals, such as Pt, β-Ta, and β-W [55,85-88]. A following major breakthrough 
is the epitaxial integration of the topological insulator (Bi0.5Sb0.5)2Te3, and the magnetic 
topological insulator, (Cr0.08Bi0.54Sb0.38)2Te3. As shown in Fig. 6c, anomalous Hall resistance is 
measured to probe the magnetization while a DC current is applied. When the magnetization flips 
its direction, the sign of the anomalous Hall effect switches, as shown in Fig. 6d. From there, an 
effective spin Hall angle is estimated to be almost three orders of magnitude larger than heavy 
metals [56].    
Summary and Outlook 
In summary, the spintronics in 2D materials is an exciting scientific research direction and has 
many potential applications for future technologies. Looking forward, there are many more 
opportunities. 
1) Spin transport in novel 2D materails, including the TMDCs, silicene and germanane, 
phosephosre, and their heterosturatures [3,27].  
2) High temperature robust quanmtum spin Hall and QAHE states. These include the optimal 
materials growth of the magnetically doped TIs [72], and the atomical layer eniginnering 
of the ferromagnetic materials to exchange coupled to the TIs [39,89]. Other material 
candiates including TMDCs [54], Tin based thin films [53,90,91], oxide interface [92,93] 
and Heuslter materials [94] could also be very attractive.  
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3) Towards larger spin orbital efficiency in quantum materials via enhanced spin orbit 
coupling in 2D materials and the novel mechanisms, such as valley current [16,95], to 
generate spin current beyond the spin Hall effect and Rashba spin orbit coupling [96]  
4) The coupling of more than two types degrees of freedoms. For example, using electrical 
field or even ferroelectricity to tune the spin-valley coupling in TMDCs and oxide 
heterostructures [97,98].  
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Figure Captions 
Figure 1.  Spin transport and relaxation in graphene. (a) Nonlocal spin transport. E2 and E3 
are ferromagnetic electrodes. (b) Hanle effect of the spin precession by a perpendicular magnetic 
field. (c) Nonlocal magnetoresistance measured on a typical graphene nonlocal spin valve with 
tunneling contacts. (d) Hanle spin precession measurement for parallel and anti-parallel 
configurations. Reproduced with permission from Nat. Nanotechnol. 9, 794 (2014). Copyright 
2014 Nature Publishing Group. 
Figure 2.  Spin transport in the surface metallic states of TIs. (a) Schematic drawing for spin 
momentum locking in the Dirac band of TI surface states. (b) Concept drawing for the TI spin 
transport device structure, where FM electrode is used to probe the spin polarization of the 
conducting carriers. (c-d) The spin dependent voltage as a function of the magnetic field for 
positive and negative 2 mA currents, respectively. Reproduced with permission from Nat. 
Nanotechnol. 9, 218 (2014). Copyright 2014 Nature Publishing Group. 
Figure 3. Induced magnetism in graphene. (a) Schematic illustration for hydrogen doped 
graphene. (b) Concept drawing for graphene exchange coupled to an atomically flat yttrium iron 
garnet ferromagnetic thin film. (c) The detection of paramagnetic moments in hydrogen doped 
graphene via pure spin current. (d) The anomalous Hall resistance measurements on magnetic 
graphene at various temperatures. (a) and (c) reproduced with permission from Phys. Rev. Lett. 
109, 186604 (2012). Copyright 2012 American Chemical Society. (b) and (d) reproduced with 
permission from Phys. Rev. Lett. 114, 016603 (2015). Copyright 2015 American Chemical Society. 
Figure 4. Induced magnetism in TIs. (a) Quantum anomalous Hall effect for magnetic TI films.  
(b-c) The quantized anomalous Hall effect measured in Cr0.15(Bi0.1Sb0.9)1.85Te3 films. (d-e) The 
16 
 
observation of anomalous Hall effect in magnetic Bi2Se3 films via magnetic proximity coupling to 
the EuS, a ferromagnetic insulator. (a-c) reproduced with permission from Science 340, 167 (2013). 
Copyright 2013 The American Association for the Advancement of Science. (d- e) reproduced 
with permission from Phys. Rev. Lett. 110, 186807 (2013). Copyright 2013 American Chemical 
Society. 
Figure 5. Spin/Valley Hall effects in 2D materials. (a-b) The colossal spin Hall effect observed 
on hydrogen doped graphene via the Hall bar geometry. (c-d) The valley hall effect observed on 
MoS2. (a-b) reproduced with permission from Nat. Phys. 9, 284 (2013). Copyright 2013 Nature 
Publishing Group. (c-d) reproduced with permission from Science 344, 1489 (2014). Copyright 
2014 The American Association for the Advancement of Science. 
Figure 6. Giant spin orbit torque arising from topological insulators. (a-b) Spin torque 
ferromagnetic resonance measurement in Bi2Se3/Py bilayer structure. (c-d) Magnetization 
switching measurements on magnetic TI/TI interface. The red and blue lines indicate the positive 
and negative currents. (a-b) reproduced with permission from Nature 511, 449 (2014). Copyright 
2014 Nature Publishing Group. (c-d) reproduced with permission from Nat. Mater. 13, 699 (2014). 
Copyright 2014 Nature Publishing Group. 
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